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Abstract 
A DC magnetron sputtering of titanium metallic was diagnosed in terms of the states and the spatial distribution of 
particles in the plasma by a single Langmuir probe. The investigations were carried out with the deposition system 
previously reported with high quality titania films and under described conditions. The simple experimental set-up 
had been known for decades but with caution on the extremely complicated of analyses. The experimental accuracy 
and the plasma characteristics obtained must not only be discussed with theoretical treatments, however, the 
refinement of the whole process deems necessary. The concurrent of results; the transport of atoms by the knowledge 
of magnetic field profiling coupled with electron density distributions, the energetic of particles which believed to be 
responsible for differences in phases formation, would vividly explains the deposition process of the films. 
Furthermore, the results obtained with a variety of theoretical treatments whether a Maxwellian/non- Maxwellian 
distribution and on viable of collisionless plasma and the generation of secondary electrons would be discussed with 
the measured data. 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of I-SEEC2011 
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1. Introduction 
Recent development reports on the deposition of rutile TiO2 at low temperature by Okimura et al. 
using modified rf magnetron sputtering [1] and by Witit-Anun et al. using DC reactive unbalanced 
magnetron sputtering [2], has generated a question on the rutile phase forming, when usually attains by 
mean of supply extra energy to the process i.e. heating of substrates or films. It is generally believes that 
the properties of the plasma is the influencing factor on the deposition process and quality of the coating 
film.  The structure and morphology as well as stoichiometry of the film depend strongly on the energetic 
conditions at the surface [7]. Several plasma techniques have been developed from the past, each 
technique providing different advantages and inherited disadvantages on its own. While the optical-base 
techniques (OES, microwaves and lasers) can provide precise spectrum lines of species, their weaknesses 
lie on the quantitatively measurement and moreover it is considered poor with spatial resolution. A very 
powerful technique is based on ion-mass spectrometry [3], provides more precise energy distribution of 
ions. However, it is the sophistication of the technique couple with the poor spatial resolution as for the 
optical techniques that have limited the application of the diagnostic technique. The simplest and widely 
used techniques, introduced in the 1920, called Langmuir is the first for measuring plasma parameters 
such as electron density (ne), ion density (ni), electron temperature (Te), etc. in low pressure glow 
discharges. 
The probe usually consists of a metal tip enwrapped with non-conducting ceramic or glass tube, whose 
electrostatic potential is varied from negative to positive values in the plasma, collecting electrons and 
ions. Though simple with the construction, the measurement implementation and accuracy, the theoretical 
interpretation of characteristic (I-V) curve are far more complicate [4-8]. In RF sputtering, the RF 
compensation on the probe must be implemented or otherwise an overestimation of the Te may result. 
The use of the Langmuir probe has not been as wide as in other fields of plasma physics due to the 
presence of strong magnetic fields near the cathode that might affect the measurements [7]. Fortunately, 
the characteristic curves of Langmuir probe under the same measurement condition are highly 
reproducible and therefore it is one of the reliability techniques after mastering the theoretically and 
practically cumbersome.   
There have been reports on the effects of reactive gases on plasma parameters measured with 
Langmuir probes. Palmero et al. [9] had conducted several investigations on Ar/O2 plasma and had 
divided the level of O2 interferences with cathode into three distinctive regions. They concluded that the 
plasma parameters are influenced differently in the three regions. Other reports on the complications 
introduced by the reactive gasses are including the formation of oxides on the probe, the arcing on the 
probe tip. Not to say the contradicting of results, however, a recent study on current distribution of DC 
sputtering of Cu deposition for six different operating pressures in the range 0.1–1.0 Pa, and five different 
discharge currents encompassing 0.10–0.50A found oxygen appeared to have no discernable effect on the 
current distribution, their results did not report on the different of species nor the energy distribution [10].  
Though the study was primarily set the investigation on the differently distributed of rutile phase TiO2
along the radial distances by DC unbalanced magnetron sputtering as been reported from the two studies 
[1, 2], the introduction of O2 reactive gas was initially avoided for seclusion of the complication that may 
be introduced by the reactive gas and only the effects of magnetic field distribution on the differences of 
plasma are to be considered.       
In this study, the known conditions for producing rutile phase TiO2 [2] were employed in the 
deposition of titanium metallic. The plasma parameters were observed spatially as a function of discharge 
current. The probe arrangement was considered as far from cathode, this to minimize the effects of 
magnetic field on the probe measurement. The effects of magnetic field distributions on the plasma 
parameters were also investigated. 
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2. Experimental Arrangements 
The DC magnetron sputtering system for the study is described in detail [2], along with the experiment 
arrangement for depositions. Briefly the system can be described as a home built reactive DC magnetron 
sputtering having reactor chamber of 31 cm in diameter. The magnetron system cathode was constructed 
with cylindrical core magnet and the outer ring shaped cylindrical magnet with residual induction (Br) of 
approx 14.0 kG. The target is metallic titanium disc (99.97% purity, Kurt J. Lesker) with 54 mm in 
diameter. Sputtering argon gas (Ar, 99.999% purity; TIG, Thailand) was controlled flow rate of 3 sccm. 
The base pressure was at approx. 0.001 Pa (1.0 x 10-5 mbar). During sputtering, the sputter pressure and 
the discharge voltage were kept at 0.4 Pa (4.0 x 10-3 mbar) and 400 volts; respectively, for all 
measurements while the discharging currents were set to 500, 700 and 1000 mA. 
A tungsten wire Langmuir probe made of 0.5 mm in diameter inserted in hollowed ceramic stems was 
used for plasma diagnostic experiment. The length of the tip exposed to the plasma was approximately 
0.3 cm. A repositionable stand was constructed to kept the probe align to the axial of the cathode, this 
allowing the probe to be positioned at any desired distances along and across the cathode. This easily 
positioning capability of the probe came from the fact that it was constructed by inserting in a number of 
ceramic stems that were designed to fit one another.  A variable voltage was supplied on this probe in the 
rage -30 V to 30 V, and the I-V characteristics were measured. The selected distances for spatial 
distribution of the plasma in this study were along the cathode axis with probe-cathode distances of 6, 8 
and 10 cm successively. At 8 cm probe-cathode distance, the plasma parameters were also investigated at 
radial distances of 1, 2 and 3 cm from the magnetron axis. Current and voltage were monitored by two 
commercial multimeters. 
2.1. Plasma parameters determination  
The I-V characteristic curves were analyzed numerically on Matlab with the plasma potential 
determined by the method that was described by M. Nisha et al. [11]. The electron temperature (Te) was 
determined as the inverse derivative of probe natural log current to the probe potential in the transition 
region, the subtraction of ion current was not considered [12]. The electron density was determined at the 
point toward plasma potential as described in [13]. Note that the crossing of zero point was also observed 
for the second derivative of probe current to probe bias voltage for determining of plasma potential; 
however, for our case the method employed was preferable. 
3. Results and Discussion 
An example I-V characteristic result is shown in Fig. 1, these are the results measured at a position 
when the probe distance to the face of cathode was 8 cm (along magnetron axis) with +2 indicated that 
the probe was not placed directly in line with the centre line of magnetron axis but was 2 cm radially 
apart (radial distance). It can be observed that the floating potential (the point where the current cross 
zero) in our case is being close to zero voltage of probe bias and that the three regions; ion current, 
transition and electron saturation are well define. For this probe distance, it is observed that electron 
saturation currents are directly related to the discharge current, with the discharging current of 500 mA 
given the lowest electron current and the highest for 1000 mA. 
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Fig. 1. Typical I-V characteristic curves obtained for our diagnostics 
3.1. Plasma parameters 
The plasma parameters determined in our diagnostics are plasma potential (Vp), electron temperature 
(Te), ion and electron density over the spatially distributed within the chamber with the discharging 
current varied from 500 to 1000 mA. The first parameter determined was the plasma potential for three 
different discharge currents at 6-10 cm from the cathode center, is shown in Fig. 2.  The characteristic Vp
behaved in this fashion is not surprising since the distances at which the measurements took place were 
considered far from cathode i.e. not in sheath or pre-sheath. The existence of the plasma was inherently 
under a strong influence of the discharge potential distribution of the DC discharging system as illustrated 
graphically by Kersten et al. [7]. 
Fig. 2.  Vp and Te for three discharging currents at probe-cathode distance from 6-10 cm 
 The electron temperature (Te) decayed almost linearly toward a farther distance from the cathode for 
all three discharging currents. This trend is commonly observed and the observed values are matching 
those observed by Palmero et al. [9].  The average electron energy is a function of the number particles 
absorbing energy from the energy source. This can be observed as the increase in deposition rate with the 
discharging current in such system i.e. more atoms and particles are being generated from sputtering 
target. This observation will be demonstrated by the next part of the results. A point of observation to be 
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noted here is that at 6 cm, the energy of electrons generated for the case when discharging current is 1000 
mA is rather low in comparison.  
The numbers of electrons observed from our measurements are depicted in Fig. 3. At 6 cm the 
electrons electron densities are at the lowest for all three discharge currents. Then they seemed to rise 
significantly to denser states at 8 cm and slightly fall off again at 10 cm. The interpretation of these 
results should lies in the shape of the plasma itself (described as a sand clock). The width of the plasma 
being spread over cathode surface and it is compressed to a thinner shape before it is finally expanded 
again before reaching substrate (10-13 cm). As described, by many researchers that the high density 
plasma is being dictated by diffusion. The shape of electron branch in magnetised plasma is also modified 
by effect of the presence of magnetic field. The increase in electron density at 8 cm may have been the 
result of secondary electrons being generated in the plasma plume. Further works are required for this 
phenomenon.    
Fig. 3.  Ne for three discharge currents at probe-cathode distance from 6-10 cm 
3.2. Magnetic Field Distribution effects 
In order to observe the effect of magnetron on the plasma characteristics such as the electron 
confinement (trapping), the energizing of particles, the plasma must be observed across the surface of the 
magnetron over several interested probe-cathode distance. However, this is a laborious task. As in our 
study, the effects of magnetic field distribution on the plasma properties can easily be demonstrated with 
only a limited number of measurements i.e. at radial distribution of 1-3 cm from the axis of magnetron 
and at 8 cm axial distance of probe to cathode. 
Table 1. Summarized the results on Vp and Te over radial distribution when distance of probe cathode 8 cm 
 Radial Vp(Volts)     Te (eV)      ** 
distance (cm) 500 mA 750 mA 1000 mA 500 mA 750 mA 1000 mA B//(mT) 
0 5.146 5.594 5.116 1.298 1.626 1.401 -1.76 
1 5.494 5.694 5.544 1.128 1.443 1.504 35.50  
2 5.128 5.279 5.559 1.113 1.053 1.369 2.64  
3 5.340 5.248 5.291 1.556 1.582 1.688 -30.60 
** data obtained from [14] 
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Table 1 gives the actual data of the result, it is however not easily to observe the effect of magnetic 
field distribution on these plasma parameter. Hence in Fig. 4, the effect of parallel field on generating 
energetic particles is illustrated.  
Fig. 4. Illustration of the magnetic field distribution on the generating of energized electrons 
 The dot line represents the parallel magnetic field strength of the system measured at 0.5 cm axial 
distance across the surface of the magnetron. In this figure, the electron temperature (as in Table 1) is 
being scaled up (u20) for the purpose of graphically comparison. It can be seen that at any radial 
distances away from the axial position, the electron average energy trend to follow the magnetric strength 
i.e. being the lowest at 2 cm as the magnetric field is at a minimal value, however, it rise again following 
the magnetic field  toward the radial distance of 3 cm.  The plasma potential on contrary did not show any 
clear trends with the magnetric field distribution. 
Fig. 5.  Radial distribution of electrons for three different currents for probe-cathode distance from 6-10 cm 
The last part of the result dealts with the density of particles in the plasma under the influence of 
magnetic field distribution. The radial distribution of electrons is illustated in Fig. 5. The electron density 
distribution in Fig.5 can easily be regcognized for DC reactive magnetron sputtering. The highest electron 
density exists at around the center of the magnetron (radial distance = 0 cm) and falling off as it move 
away from the center point. This result is not difficult to see as being related to the spatial distribution of 
deposition rate (film thickness) [2, 15].  
The electron energy distribution function (EEDF) was attempted to derive as the second derivative of 
current to plasma applied bias voltage. The data available however was not sufficiently provide neat 
distributions. Nevertheless, the bimodal distributions for magnetron sputtering could vaugely be 
observed. 
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4. Conclusion 
This study has revealed the plasma characteristics of the titanium metallic deposition. The plasma 
parameters allow more insight understanding of the film evolutions, properties. The energized particles as 
the effect of the magnetron could be observed. The film thickness profile can be seen directly to the 
density distribution of particles. The results obtained from this work had proven that Langmuir as the 
simple technique is a valuable tool for studying of plasma and optimizing of process design. Applying the 
technique in couple with other plasma techniques would enhance the accuracy of results.  
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